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ABSTRACT  Fresh, empty, isolated sacs of leg skin from R. pipiens manufacture 
a  salt solution reasonably balanced with respect to ions and  approximating  a 
somewhat dilute Ringer's fluid.  Concentrations  of ions: bear little relationship 
to concentrations  in the external medium even down to  12 raM. An effective 
regulatory  mechanism  is  indicated  whereby the  amount  of salt  transported 
is adjusted to the amount of water or vice versa, the rate of movement of either 
salt  or  water  being largely independent  of osmotic  or  ionic  gradients (outer 
fluid to manufactured inner fluid).  Concentrations of the inner fluids appear to 
be regulated to conform to a fairly constant concentration within the skin. Some 
evidence is presented  that  a  major  factor  in  regulating  concentration  of the 
inner fluid is triggered by an initial dilution of the inner fluid, followed by stim- 
ulation of salt uptake. 
The intact  skin  of the common grass frog exercises an  important  regulatory 
function with respect to salt and fluid balance.  This is accomplished by (a)  a 
mechanism  for  salt  uptake,  even  from  very  dilute  environments  and  (b)  a 
regulation  of water intake.  The first function  is now a  very popular  item of 
study, many investigators having  spent years proving  that  isolated frog skin, 
as  well  as  skin  intact  on  the  animal,  can  move  sodium  without  the  aid  of 
chemical or electrical gradients. The second function, perhaps more important 
from the point of view of the frog, has been neglected in large part except for 
studies of certain aspects of endocrine action. 
Fluid balance of the intact frog is accomplished by an output mechanism, 
the kidneys, and an input device, the skin.  Within normal ranges,  regulation 
is  accomplished  almost  exclusively by the  skin,  kidney  output  being  largely 
independent  of the medium in which the frog resides.  Except under  unusual 
osmotic stress,  the kidneys appear  to perform at  a  reasonably constant rate, 
environmental  fluctuations  being  adjusted  to by the  skin.  The  general  rela- 
tionships for whole frogs have been well;summarized in a review by Adolph in 
1933.  His studies indicate that the rate of intake of water through  the skin is 
nearly  independent  of external  environmental  concentrations  of salts within 
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the range of pond water to Ringer's fluid.  Within this range,  the rate of urine 
formation  also  varies  but  little,  although  urine  salt  concentration  reflects 
added  salt loads  and  urine  rates  can  be enhanced  by injection of hypotonic 
fluids. 
This  paper  will  demonstrate  that  isolated  skin  can  secrete,  towards  the 
inside,  fluid,  balanced  with  respect  to ions  and  reasonably comparable  to a 
normal physiological saline when the outside surface is bathed with solutions 
of salt content from about  12 to 120 mu. Further, it is demonstrated that rate 
of fluid formation from hypotonic solutions bears little or no relationship to the 
osmotic  gradient  which  exists  between  outside  solution  and  inner  secretion. 
There is clearly a  precisely regulated feedback system either preventing exces- 
sive water  intake  from highly hypotonic solutions  or,  alternatively,  actively 
promoting water uptake from progressively more concentrated solutions. 
MATERIALS  AND  METHODS 
All experiments were performed with leg skins from R. pipiens.  The frog was carefully 
removed from each hind leg skin, the empty skins were then rinsed briefly in Ringer's 
fluid, blotted, pressed gently to remove any fluid inside the skins, and ligated near the 
ankle and knee. Thus the initial material was in the form of empty sacs of leg skin, 
oriented normally with  epithelium on the outside.  It has  already been shown that 
such  preparations  will  secrete  a  fluid  whereas  inside-out  sacs  will  not  (Steinbach, 
1937). 
The empty skin sacs were then weighed and placed in oxygenated Ringer's of the 
required  dilution.  The  basic  Ringer  fluid  contained  110  rr~  NaCI,  1 m~  GaC12, 
buffered with phosphate-bicarbonate. Potassium was varied from 2 to  10 mM but no 
significant effects of K  concentration were noted. All experiments were done at room 
temperature  (about  20-23°C).  Periodically  the  sacs  were  removed,  blotted,  and 
weighed. At the end of the experimental period, usually 6 to 8 hr, the sacs were blotted 
and weighed,  and an incision was made in one end of the sac.  The fluid was  then 
drawn into a depression in a paraffin block and the skin reweighed. The difference in 
weight represented weight of fluid collected. This gravimetric method proved to be 
more accurate than various volumetric determinations which were attempted. 
Fluids were then taken up with measured amounts of water, usually 2 ml, and used 
for analysis with or without further dilution. The ligated ends of the sacs were then 
clipped and removed, the midportion through which water and ion exchanges took 
place was weighed, then spread flat, and the outline traced for subsequent determina- 
tion of area. The skins were then extracted 12 or more hr at room temperature with 
distilled water, usually 5 ml per skin.  This treatment extracts well over 95 %  of the 
materials in question. 
Fluids  and  skin extracts were  analyzed for Na  and  K  by flame photometry.  C1 
was determined electrometrically and total osmotic pressure by thermoelectric vapor 
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RESULTS 
Table  I  gives  average  results  of  the  measurements  with  ranges  indicated. 
Rather large variations between individuals were noted as might be expected 
from an unselected group of animals with no special attention being paid to 
past nutritional history or endocrinological balance. 
TABLE  I 
RATE OF  FLUID ACCUMULATION  (ing/cm2/hr),  CONCENTRATIONS 
OF  IONS  (mM/kg)  IN FLUIDS AND WET  SKIN,  AND  OSMOTIC  PRESSURES 
OF  FLUIDS AND EXTRACTABLE SOLUTES  OF  SKINS 
(IN  NaC1  EQUIVALENTS/kg)  OBSERVED  IN  LEG 
SACS  OF  FROG  SKIN  IMMERSED  IN  RINGER'S  FLUID 
OR  DILUTIONS  AS  INDICATED 
Rates  calculated assuming linear uptake with time. Immersion times, 6 to 8  hr. 
Figures in parentheses  in first column indicate number of experiments  averaged. Range for 
each set indicated in parentheses under  average figures. Areas of skins were in the general 
range of 6 cm  2. Full strength Ringer's Na  =  120, C1  =  120, O.P.  (NaCl equivalent)  --  140. 
Concvn~atlon in fluid  Concentration  in ~dn 
External medium  Fluid  intake  Na  C1  O.P.  Na  CA  O.P.  K 
Ringer's  (4)  2.7  110  108  129  87  87  191  31 
(1.9-3.5)  (102-172)  (98-115)  (113-150)  (78-103)  (79-91)  (171-200)  (2~ A~) 
1/2 Ringer's  (5)  4.1  88  83  95  62  61  141  24 
(~.1-5.6)  (75-92)  (74-89)  (85-100)  (54-69)  (49-67)  (117-173)  (22-27) 
1/4 Ringer's  (3)  3.4  87  78  97  69  62  160  25 
(2.3--4.6)  (74-94)  (63-88)  (87-102)  (63-70)  (58-70)  (143-190)  (23-27) 
1/10 Ringer's (5)  2.3  76  70  83  62  62  151  27 
(1.2-3.8)  (67-81)  (58-79)  (73-95)  (51-70)  (54-64)  (135-1~1)  (22-37) 
During the usual 6-8 hr period,  gain of weight,  and hence amount of fluid 
accumulation,  were  reasonably  linear  with  time  (Fig.  1).  Most  of the  skins 
showed a slight gain of weight but of a magnitude that was deemed negligible. 
Na,  CA, and osmotic concentrations  of the skins themselves decreased  from 
values found in fresh skins but the decrease was of a magnitude to be expected 
on the basis of an equilibration of the extracellular fluids of the tissue with the 
fluid being secreted.  Potassium concentrations of the skins remained about the 
same,  regardless  of the  total  salt  concentration  of the  medium  or  of the  K 
concentrations  in the range 2  to  10 re_M. 
Fig.  2  summarizes the major findings in graphical  form.  Curves have been o380  THE  JOURNAL  OF  OENERAL  PHYSIOLOGY  •  VOLUME  50  •  x967 
drawn freehand,  except for the diagonal included to indicate isotonicity of the 
medium compared to fluid or skin. 
Comparison of Fig. 2 with Figs.  3 and 4 of Adolph's review (Adolph,  1933) 
shows a  startling  resemblance between the behavior of the isolated skin  and 
that  of the whole frog.  Between external  concentrations  of about  20  and  70 
7: 
c  .m 
O 
90 
o °°°'° 
ooOO.'°R 
.°°.o.°°°°°'°°°° 
A  oo*°°°°°°°*°  °.oo.OO.°O'°'°°°°~°°°  R 
~l,°.°o  oo°° 
0  ,~  12  ]6  20  24 
Time  in  Hr 
F1oum~ 1.  Weight changes in ~kln sacs, empty at zero time, and immersed in fluids as 
indicated. Paired skins from two animals, one of each pair in full strengtk Ringer's, one 
in one-fourth Ringer's. 
mM/liter the secreted fluid is remarkably constant in composition; above this, 
however,  the  concentration  tends  to  rise  so  that  in  full  strength  Ringer's 
solution, the concentration is higher by some 20try. Thus over a wide range of 
external concentrations,  secreted sac fluid, while somewhat more  dilute than 
intact frog blood, maintains  a  relative constancy of concentration. 
The points representing rate of water intake are worthy of special note. The 
rate of water influx is greatest from hag-strength  Ringer's and least from the 
most dilute solution. A more forceful way of stating the phenomenon observed H.  B.  SrSmBACH  Isolated Frog Skin and Manufacture of Ringer's Fluid  238z 
is  that,  within  the range  10  to  60 mM external  concentration,  rate  of water 
movement is roughly inversely  proportional  to the osmotic gradient. 
In general, the rates of salt inflow into the sacs followed the same pattern as 
that for fluid flow. This, of course, is a reflection of the fact that, except for the 
difference in levels of salt concentration in the sacs, Ringer's- or half-Ringer's- 
soaked, there is relatively little change in over-all concentration as the medium 
is further diluted. 
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FIGURE 2.  Averages, from Table I, of concentrations in skins or fluids plotted against 
concentrations in the medium. Open triangles, osmotic concentrations in NaCl in milll- 
equivalents; open circles, Na concentrations; x, rate of water influx;  +, potassium con- 
centrations in skin, in milllequivalents per kilogram wet weight. Solid symbols refer to 
skins, open symbols to inner fluids. See Table I  for details of experimental procedure. 
Curves  are  drawn  freehand  to  illustrate trends.  Dotted  line  indicates  concentration 
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Thus the isolated frog skin possesses a  mechanism  by which the amount of 
salt passed through  the skin  matches  the amount  of water  (or vice versa)  in 
such a  fashion as to manufacture an internal  solution of constant salt content, 
regardless of the water or salt gradient,  which exists, outside the skin to inside 
the skin. 
Accordingly there must be some interaction  between the mechanisms regu- 
lating water movement and salt  movement. This interaction  could, of course, 
be a  reflection of a common mechanism but in any case it must indicate some 
fairly precise sensing devices in  the skin responsive primarily  to the internal 
TABLE[I 
SUMMARY  OF  RESULTS  OF  2~NA  INFLUX 
Skin sacs from two animals (A and B), one sac from each pair sampled at 1.5 
hr,  the other at 3  hr. All sacs empty at start.  Outer fluid; one half Ringer's. 
Concentration millimolar per kilogram, fluid volumes in microliters, osmotic 
pressures  in  NaC1  equivalents.  Specific  activities  of sac  contents  given  as 
percentage  specific activity of outer medium. 
Duration  Specimen  Fluid  jul H~/cm  O.P.  [Na]  [Cl] 
Relative  Relative 
specific  specific 
activity  activity 
fluid  skin 
h,  ta 
1.5  A-I  49  7.2  67  54  44  36  29 
B-1  57  8.5  100  57  64  44  39 
3.0  A-2  70  10.0  85  71  61  42  46 
B-2  85  14.5  97  71  66  61  60 
environment.  In a  general  way, one component of the system appears  to be 
indicated  by a  simple  series  of experiments.  Paired  sacs  were  immersed  in 
diluted Ringer's as indicated and then sampled at 90 and  180 min. The results 
are shown in Table II and in Fig. 3. They indicate that, while water intake, as 
evidenced by weight gain, proceeds in a linear fashion, salt uptake takes place 
gradually  with the 90 rain  sample being distinctly more dilute  than  the  180 
min samples. Since the initial skins must have had an appreciable component 
of interstitial fluid roughly isotonic to normal blood, these results show that the 
first process is indeed an initial influ:~ of water in excess of salt.  Following the 
initial  dilution,  salt  uptake  then  proceeds  at  a  rate  sufficient  to  maintain  a 
stable osmotic concentration  in the fluid being manufactured. 
If the  first  event,  triggering  a  regulated  salt  uptake,  is  a  dilution  due  to 
inrush  of water,  then  pretreatment  of the  skins  with  dilute  Ringer's  should 
show  a  lag  in  water  uptake  of a  duration  sufficient  to  get  the  salt  uptake 
mechanism working. Fig. 4 shows the results of such pretreatment.  A pretreat- 
ment of the skins (both surfaces in these cases) with half-strength  Ringer's did H.  B.  S'rSXNBACX-X  Isolated  Frog Skin and Manufacture of Ringer's Fluid  2383 
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cause a  lag period in  the weight change curves, following which rates were 
reasonably comparable to values seen with the control skins pretreated with 
normal Ringer's. 
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In the experiments of Fig. 4, ~Na was added to the external medium follow- 
ing the pretreatment.  The dilution-trigger  hypothesis would predict that skins 
pretreated  with dilute Ringer's  would take up the isotope at a  higher  initial 
rate than the control skins. This is indicated to a slight extent but the enhanced 
rate also is maintained  over the entire period measured. 
A  few  observations  have  been  made  indicating  the  anticipated  effect of 
metabolic  upsets  on  the  formation  of salt  solution  by  the  skins.  Table  III 
compares  the  effects of partial  anaerobiosis  (N2  bubbled  through  the  bath 
instead of 02) with the aerobic condition.  Volumes of fluid  found  are  drasti- 
TABLE  III 
RESULTS  OF  OBSERVATIONS  ON  TWO  PAIRS  OF  EMPTY 
LEG  SACS,  ONE  OF  EACH  PAIR  TREATED  WITH  OXYGEN,  THE 
OTHER  WITH  NITROGEN  BUBBLING  THROUGH  MEDIUM 
6  hr  duration,  external  medium  one-fourth  Ringer's. Weight  changes  and 
free fluids in milligrams, concentrations as in Table  II.  Skin areas approxi- 
matel  7  6  cm  2.  Potassium  contents  of  skins  normal  at  end  of  observation 
period.  Comparison of weight changes with free fluids indicates some excess 
swelling of tissue in N~ . 
Conccn~a~on 
Animal and  -  - 
sample  Weight change  Free fluid  Na  CI  O.P. 
mg  mg  meq/kg 
A-O2  130  101  73  71  92 
A-N2  81  33  44  30  85 
B-O~  215  194  68  58  85 
B-N2  64  54  38  41  71 
cally reduced  by nitrogen treatment.  Concentrations  within the fluid are less 
reduced but, because of the small volumes of fluid, it is impossible to determine 
how much salt was actively taken into the sacs and how much came from the 
materials  of the starting  tissues. 
It  is  possible  that  a  pharmacological  dissection  will  throw  light  on  the 
regulatory system as has been done with the separate salt and water transport 
systems. Some agents do show a  selective effect (el.  Schoffeniels and Tercafs, 
1962)  on salt and water movement. 
DISCUSSION 
During the past half-century many instances have been studied of the ability 
of epithelial  tissue  to  transport  ions,  primarily  sodium,  and  to  move fluids 
without the aid of osmotic or other applied pressure gradients  across a sheet of 
tissue.  Excellent discussions are to be found in reviews by Leaf (1965) and by 2386  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5 °  •  x967 
Diamond (1965) 1  with both authors considering a number of mechanisms that 
might be concerned with solute and water transport. 
The present study on the secretion of fluid by isolated frog skins is intended 
to focus attention on the regulatory abilities of the tissue,  the fluid secreted 
being determined by the cellular mechanisms in order to provide a  proper 
ionic environment for the inwardly directed surface regardless of the composi- 
tion  of the  external  bathing  medium.  The  experiments with  gall  bladder, 
reported by Diamond (1965), while analogous in technique, differ in that galI 
bladder secretion is isotonic to the luminal bathing solution. 
The  ability  of frog skin  to  move water  and  salt  from  the  outside  to  the 
inside between initially isotonic solutions has been known for some time; in 
recent years it has been studied most extensively with the skin sac technique by 
Huf (1955). That empty skin sacs can form fluid with normal but not inverted 
orientation has also been studied to a  certain extent (Steinbach,  1937).  Most 
of the previous work however, has involved starting the skin sacs with an initial 
load of salt solutions facing both surfaces rather than challenging the tissue 
with  the  problem  of forming  the  inside  solution  from  scratch.  This  is  an 
important  technical feature because it is clear from a  number of trials  that 
skin sacs,  already loaded with full strength Ringer's,  can dilute the internal 
solution only very slowly. 
Several proposals have been made of mechanisms that might move water in 
the absence of a water gradient or against such a  gradient (cf. Curran,  1960; 
House,  1964; Diamond,  1965; Leaf,  1965). At least two interfaces with differ- 
ing properties  appear  to  be required  as well as  an  ability to develop some 
hypertonicity between the interfaces. The results given in Table I show clearly 
that the osmotic pressure of skin extracts is much higher than that of either the 
skin-manufactured fluid or the external medium. A  large part of this osmotic 
excess is probably due to release of diffusible metabolites such as inorganic 
phosphate released during the extraction period but not appearing in the fluid 
formed under aerobic conditions. However, even the sum of the skin Na  -t- K, 
calculated on the basis of tissue water, is higher than the cation sum in the 
manufactured fluid.  It  thus  seems  a  safe  assumption  that  some  degree  of 
hypertonicity does exist within the skin. 
Some evidence has  been adduced for a  skin  structure  of a  sandwich-like 
arrangement with a free diffusion or conducting pathway of some considerable 
magnitude bounded by two less conducting or permeable layers (Steinbach, 
1933,  1967).  Thus a  proper geometry within the skin might be available for a 
multipartite system. 
With the knowledge at hand it does not appear to be possible to specify the 
mechanisms for the regulation described. The initial dilution noted in Fig.  2 
l  This  symposium  contains  a  number  of articles  relevant  to  the  problems  dlsenssed  here. H.  B.  STEINBAflH Isolated Frog Skin and Manufacture of Ringer's Fluid  2387 
indicates that a volume change in the epithelial layers might be involved since 
MacRobbie and Ussing (1961) have shown that treatment of the inner surface 
with hypotonic solutions does cause such swelling. In this connection, it should 
be noted that, under the conditions of the MacRobbie and Ussing experiment, 
the inner face of the skin need be only slightly more permeable to water than 
the outer surface. Flux of water could be quite rapid  through either surface 
with volume changes of particular  skin  layers being  a  resultant  of relative 
resistances to flow. Adolph (1931) has reported on the osmotic behavior of skin 
exposed to dilute solutions on the outer or both surfaces and finds no marked 
differences. Adolph also gives references to the older literature on the osmotic 
behavior of frog skin. 
A  highly suggestive model of a  system moving water from concentrated to 
dilute solutions was reported by Osterhout (1949).  Using the long cylindrical 
Nitella cells, Osterhout showed that, by suitable pretreatment, water could be 
picked up by one end of a cell in sugar solution and extruded at the other end 
in  water.  In this  long cell,  complete with  a  cell wall  capable  of sustaining 
hydrostatic  pressure  differences,  the  major  requirement  appears  to  be  the 
creation of an osmotic concentration difference between the two ends of the 
cell within the cytoplasm. 
Osterhout treats the system as having three general regions involving the 
movement of water. Within the cell, there must be some bulk displacement. At 
the two ends, the driving forces moving water in or out are regarded as single 
osmotic drive systems, the difference between them leading to the internal bulk 
flow. Osterhout's model gave transient flows. However, he noted that concen- 
tration  differences could presumably be  achieved by metabolic  differences; 
presumably he would have invoked active transport of ions had the phenome- 
non been named at that time. A  necessary stipulation for the model is that 
there be some outwardly directed positive hydrostatic pressure. Differences in 
rates  of entry or  egress  could  conceivably involve  differences in  pore  size 
(Curran,  1960)  or activity differences in nonaqueous layers  (Osterhout and 
Murray,  1940). 
In the case of the experiments described in the present paper, it is clear that 
movement of water is regulated in some fashion. Two extreme cases could be 
cited. On the one hand,  the skin could be fairly freely permeable to osmotic 
flow of water with some outwardly directed water pump to compensate for an 
enhanced osmotic uptake from dilute medium. On the other hand, there could 
be a high resistance to inward osmotic flow coupled with an inwardly directed 
water pumping system thrown progressively into action as the osmotic gradi- 
ent was decreased. Since isolated frog skin can move water inwardly from an 
isotonic solution,  the latter possibility seems likely, perhaps  to be visualized 
according to the Osterhout model, backed up by an ion pump system at some 
inwardly located interface in the skin. 2388  TIIE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  5  °  •  ,967 
Observations on efflux  of tritiated  water from sacs  loaded with 05  ml of 
Ringer's  (THO)  do  not  show  any marked  change  in  rate  of entrance  (tl/~ 
about 30 rain) from one-tenth or full Ringer's.  Movement of ~Na inward or 
outward shows that influx of the ion is greater from full strength Ringer's than 
from one-tenth Ringer's by a  factor of about 4.  Thus there is a  pronounced 
variation in exchange rate  (2~Na exchange) which is not reflected in the net 
transport.  Further work is indicated,  of course,  but  the results do not offer 
much hope  that  isotope exchange measurements will aid in  uncovering the 
nature of the control mechanisms. 
I  wish to call special attention to a  feature relating primarily to Na move- 
ment by the skin.  In Table  II  and Fig.  3,  for the  1.5  hr samples,  it will be 
noted that the specific activity for 22Na (expressed as per cent specific activity 
of the bathing medium) of the inner fl,uid is higher than that of the skin. This 
difference largely disappears by the time of the 3 hr samples. Thus there is a 
clear indication that not all of the sodium content is involved in the sodium 
transport mechanism, a fraction at least being only slowly exchangeable. 
With respect to measurements of isotopes, as well as critical advice, I am indebted  to the excellent 
work of Dr. Marilyn Kirk. 
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